Broadly, battery models may be classified as circuit based models and electrochemical models. However the distinction is only superficial, as all electro-chemical models can be represented by equivalent circuits, if one permits the circuit elements to be active or regenerative elements rather than just passive circuit elements. One could also adopt a direct approach and identify the SOC characteristic from the measured data as was done by Li, Chattopadhyay and Ray [8] .
extractable charge capacity remaining in the battery. The SOC indicates the amount of electrical energy remaining in a battery. A key performance parameter is an accurate estimate of the SOC as and when it is being used and is important both for the battery application designers as well as for the battery users. An accurate indication of the battery SOC during the runtime allows the user to ensure that the battery is neither over-charged or under-discharged, resulting not only in the optimum use of the power Most measured data is characterised by uncertainties and there are usually five classes of uncertainties to consider: i) measurement uncertainty, ii) algorithmic uncertainty, iii) environmental uncertainty, iv) model parameter uncertainty and v) model dynamics uncertainty or un-modelled dynamics. Thus the first step is usually to extract the model parameters by applying suitable model identification and parameter estimation methods to the measured data as discussed by Birkl and Howey [4] . One can adopt either a time domain approach, such as the method of Alavi, Birkl and Howey [5] which can then be used directly to simulate the battery dynamics (see for example Thanagasundram et al [6] ) or a circuit based approach as in Howey et al [7] .
One could also adopt a direct approach and identify the SOC characteristic from the measured data as was done by Li, Chattopadhyay and Ray [8] .
A novel approach to battery modeling can be found in Sepasi, Ghorbani and Liaw [9] and in Xia et al [10] . Here, we investigate to present a cell level battery model which incorporates the most significant parameters that have been mentioned previously. As mentioned earlier, circuit based electrical models are very useful and complex enough to represent the electrochemical behaviour within the cells that describe the dynamics of the electron transfer and energy dissipation. Zhang et al [11] , Thanangasundram et al [6] and MathWorks [12] used the open circuit voltage to estimate the state of charge of the battery. Erdinc, Vural, Uzunoglu [13] employed the battery internal resistance as a function of SOC when modeling discharging/charging characteristics. Storage and cyclic effects also were added to the internal resistance.
The dynamics of the SOC, is given by Erdinc, Vural, Uzunoglu [13] and is, ( )
(1)
The temperature effect on the battery system was modeled along with the rate of change of SOC. In equation (1) [12, 18] ) the variable discharge/charge current has been included in the model to get the accurate battery terminal voltage. e) A new formulation representing the SOC variation due to varying temperature. 
II. EXISTING DYNAMIC BATTERY MODELS
Li-ion batteries have been considered for modeling as they have been getting greater attention from the researchers than NiMH and Lead-acid batteries due to their higher specific energy, specific density, durability and lower self-discharge rate (See for example Panday and Bansal [17] ). In addition, Li-ion batteries have earned a good reputation for their excellent life cycle with no memory effects. These physical characteristics make the Li-ion batteries preferable for next generation of hybrid electric vehicles [13] . The parameters required for these models have been defined in the nomenclature. [21] . All of these models could be used, in part, although none of the above models have ventured to include all of the effects that are of importance for representing the battery dynamics for electric vehicle and hybrid energy system applications. In this paper we have integrated the battery chemistry, the evolution of the SOC, the electro-chemical dynamics and the thermal effects into one single model.
III. NEW DYNAMIC BATTERY MODEL
A dynamic battery model that can accommodate both electrical and thermal properties which is suitable to apply for any hybrid energy systems is sought. The equivalent electrical circuit for such a model is shown in fig.1 and SOC/SOD usually depend on temperature. Their dependence is included separately in the model by using mathematical relationships that will be discussed later in this section. [16] ). These effects have been included in this study.
IV. THERMAL MODEL
The thermal model presented here is based on the general energy balance equations used in Bernardi, Pawlikowski and Newman [22] . Heat is produced in batteries from three fundamental sources: activation (interfacial kinetics), concentration (species transport), and Ohmic (Joule heating from the movement of charged particles) losses.
The proposed thermal model assumes the natural convection conditions and the heat generation and heat dissipation throughout the electrolyte as uniform, although models of uneven heat generation of the type discussed by Wu et al [23] could be incorporated into the analysis. The model parameters and the chemistry between anode, cathode and the separator have not considered separately but taken as average values. The generation rates of reversible and irreversible heat during charge and discharge are taken as equal with the same SOC and current rate. The temperature distribution is taken as symmetrical with respect to centre line in the battery cell.
Initial battery cell temperature is assumed to be equal to the ambient temperature.
Detailed description in this context can also be found in Wu, Li and Zhang [24] . The equation for the total heat generation rate given by equation (7) in [24] is used to model the thermal model. Hence the energy balance equation according to [22] can be written as given below (2):
The parameter α is normally identified as the heat transfer coefficient for forced cooling or in literature sometimes it is defined as the convective heat exchange coefficient. The symbol Φ is the current density (A/cm 2 ). The parameter F is defined as the Faraday constant. The parameter σ is the Stefan-Boltzmann constant. The effect of other two parameters, λ which is identified as the conductive heat coefficient and ε which is defined as the radiation coefficient are neglected due to minimal effects. The combined entropy change ΔS, can also be taken as zero as in Viswanathan et al [25] .
Hence the equation (3) can be simplified to equation (4) 
where m is the unit mass. The temperature effect on activation, diffusion polarization and due to different electrolyte chemistries is modelled by the parameter
which is a function of the temperature.
The parameter
is modeled by the polynomial as given by the equation (5): 
The first derivative dT dV r / is defined as the voltage gradient and is assumed to be constant for the temperature range. By considering the two RC parallel loops the following mathematical relationships can be deduced by using Kirchhoff's law ( (7), (8) and (9)).
In (7),
and:
The parameters 1 V and 2 V represents the voltages across the two capacitors C TS and
The battery terminal current is related to the battery voltage by the relation,
If the battery voltage is assumed to be related to the state of charge by the relation,
we obtain the model equation in differential form,
In the non-linear case we begin with a locally linear model of the form given by equation (11b) which can then be integrated to give a nonlinear model of the battery voltage and SOC relationship. Using equations (11a) and (11b) in equations (8) and (10) respectively gives, 
Using equation (13) we can write:
Hence the constant k is defined by,
The complete set of equations defining the battery dynamics above, do not include a noise model. We will include two noise sources: The first with the current in the form of a process noise and modify the current equation to,
The second noise source is in the measured open circuit voltage, OC V ,
The usable battery capacity usable C changes depending on the storage time and temperature. When the temperature increases the usable capacity decreases. An excellent detailed description on usable C with the effect of temperature can be found in Spotnitz [26] and in Plangklang and Pornharuthai [27] . From Valerie, Johnson and Pesaran [28] it was noted that from 0 0 C to 60 0 C the usable capacity decreases roughly about 4% for a simulation time of one hour. Hence, the change of this parameter is included in the model by using a capacity correction factor (CCF) which is reasonable, instead of representing the variation with a polynomial equation that fits into manufacturers' data. The CCF is generally calculated by using the operating temperature and the time of storage which is normally measured in months as it gives an indication of the per cent loss in the capacity fading. The capacity fading can also be calculated using the equations given in Nasar and Unnewehr [29] . From the Lithium-ion Rechargeable Batteries technical data handbook [30] , discharge capacity (4) and (5) as given by fig.1(a) . Panday and Bansal [17] have presented a method and a formula for simulating the self-discharge current through the
in terms of the self-discharging current
. There the parameter p C is the initial battery capacity before storage. 
The capacitances are limited to small positive values when the SOC is zero. The The SOC change due to temperature has been proposed by many researchers using Arrhenius equation, [17, 29] . According to experimental data available from Valerie,
Johnson and Pesaran [28] and from He et al [34] it was noted that the SOC decreases with the increase of temperature and the simulation time. The SOC can decrease up to 50% from 100%, with the increase of temperature from 15 0 C to 60 0 C. It was also noted from the literature that SOC change can be taken as linear within the above temperature range. Experimental/simulation data shows that the temperature increase due to one hour discharge at (1C rate) is less than 0.2 0 C (Spotnitz [26] ) and hence the variation due to simulation time can sometimes be neglected in modeling if the simulation time is one hour or less. Using experimental data from Zhu et al [35] and considering the SOC to be a maximum when the temperature is nearly ambient, a polynomial equation is proposed in this paper to calculate initial SOC due to temperature effect and is given by the polynomial equation (21):
From equation (3), assuming the inputs are slowly varying, it follows that the battery cell temperature Cell T is related to the time by the equation:
Equation (13) 
Battery internal resistance change due to cyclic effect is assumed to be given by the empirical equation, (24) , as in [13] :
In equation (24), n is the discharge/charge cycle number and ξ is a constant ( )
. The constant λ is normally taken to be equal to ½ according to [13] .
The SIMULINK simulation diagram of the system shown in fig. 1(a) , is shown in fig.   1 (b) and includes all of the equations represented by (1)- (16) and (19)- (24).
V. FINAL NONLINEAR STATE SPACE 5-STATE MODEL EQUATIONS
The final nonlinear, 5-state, state space equations defining the dynamic battery model are summarized below.
i) Battery Current:
ii) State of Charge (SOC):
iii) Fast & Slow Polarization Over-potential:
iv) Cell Temperature:
v) Open Circuit Output Voltage:
vi) Open Circuit Output Voltage without film & chemistry:
vii) Voltage due to electrode film formation:
viii) Voltage due to electrolyte electron transfer chemistry:
VI. THERMAL MODEL COMPARISON WITH EXPERIMENTAL RESULTS

AT 25 • C
The experimental results published by Tan, Mao and Tseng [14] and Thanagasundaram et al [6] have been used in this paper to test and validate the model.
The Li-ion TCL PL-383562, which has the capacity of 850 mAh is used to validate the model and the parametric constants generated by using the Panasonic 17500 Liion-battery is also used (as the nominal voltages are same).
The current pulse tests at discharging currents of 80, 160, 320 and 640 mA had been used. The nominal capacity (the average capacity) of the battery is 800 mAh ± 5% at a discharge rate of 0.2A in 0.2C (5 hour discharge) and it was discharging at a temperature of 25 0 C with more than 300 cycles. The battery can be charged at a charge rate of 0.8A in 1C (1 hour charge). When discharging at 1.6A it will last 2 hours (0.5C). The manufacturers specify the charge cut off voltage as 4.2 V and the discharge cut off voltage as 2.75V. The results from the simulation of the proposed model are compared with the experimental results published by Chen and RinconMora [15] . Fig. 2, 3 and 4 illustrate open-circuit voltage and the error variations of the battery parameters with the SOC at 750mA battery current. Percentage error was calculated for each graph by using the formula given by equation (25) which is embedded into MATLAB code and finally calculating the mean percentage error, which can be simply calculated by using MATLAB command.
The parameters The new model was tested for known experimental data, published by
Thanagasundaram et al [6] and the the response calculated by using Matlab (and equation (25)) happened be within 98.7% accuracy (fig.4) . The battery data used in [6] is as follows: Lithium Manganese Oxide Battery; nominal voltage 3.6CC: 750mA, nominal capacity 2200mAh. As it can be seen from fig.6 , the simulation curves coincide with the experimental data plots and hence, the model can be validated as an accurate model which has both electrical and thermal properties. In addition, the experimental data reported in a NREL report which was presented by Valerie et al [28] where it was confirmed that at 40°C, the OCV is nearly the same as its value at the ambient temperature in addition to the information given in BU-Charging/discharging [31] . The reported data also conforms to the new simulations and the data plots as given by fig.6 .
VII. THE VARIABLE TEMPERATURE EFFECT: MODEL COMPARISON WITH EXPERIMENTAL RESULTS
Simulation
VIII. APPLICATION TO SOC ESTIMATION
It may be observed first the equations (17), (13), (7), (4) and (18) 
, and using equation (12) , equation (18) is expressed as,
Equation (13) is now completely decoupled from equations (17), (7), (4) and (18) .
To demonstrate a typical, novel application of the model, we describe briefly a typical application of the battery model to SOC estimation. Our aim is to use a simple extended Kalman filter and yet obtain results similar to those obtained with adaptive filtering or by using the unscented Kalman filter as has been done by He et al [34] , Plett [38] and Tian et al [39] . Early reviews of SOC estimation based on measured impedance data was presented by Rodrigues, Munichandraiah and Shukla [40] and by
Piller, Perrin and Jossen [41] . A comparative study of various state estimation algorithms is presented by Barillas et al [42] , Li et al [43] and Zou et al [44] . While an enhanced Coulomb counting method has been proposed by Ng et al [45] , the current focus is on model based estimation as demonstrated by He et al [46] and Sun et al [47] . Xing et al [48] [55] based on the use of two decoupled Kalman filters which has since been improved by Campestrini et al [56] and Lee et al [57] . There have also been some novel applications of estimation to original battery configurations presented by Zhong et al [58] , Pérez et al [59] and Fares, Meyers and Webber [60] .
The estimation of SOC in this paper also exploits the decoupled nature of the model equations. It is based on the extended Kalman filter and is done by writing the model equations, (17) , (7), (4) and (28) in the form: initially. The estimated SOC is then obtained by integrating equation (13), which is expressed as,
The equations are linearized so the methodology of the extended Kalman filter is applied at every step of the simulation. The extended Kalman filter has the predictorcorrector structure and corrects the estimate based on the innovation or new information in the measurement. It must be added that the estimation could be extended to the case when k and d are nonlinear functions of the state and need to be updated in real time.
The estimate of the SOC at the room temperature of 30 0 C is compared in the first of subplot of fig. 7 to the simulation over a time frame of 600 seconds and the error is less than 2%. Also shown in the second subplot of fig. 7 , is a comparison of the estimated and measured OC V . The estimate of the current iˆ based on an initial constant current input (discharging) of 5 − = i amps is shown in fig. 8 . All of the battery parameters necessary for the simulations were first calculated from the manufactures data sheets. The estimate error is less than 0.02%. In this simulation the temperature was assumed to be a constant. Similar curves may also be obtained when the temperature is dynamically measured and filtered.
IX. CONCLUSIONS
In 
